Immunofluorescence assay (IFA) is one of the most frequently used methods in the biological sciences and clinic diagnosis, but it is expensive and time-consuming. To overcome these limitations, we developed a faster and more cost-effective IFA (f-IFA) by modifying the standard IFA, and applied this method to track the progression of human cytomegalovirus (HCMV) infection in different cells. The f-IFA that we developed not only saves time, but also dramatically reduces the quantity of antibody (Ab), which will facilitate the application of IFA in clinic diagnosis. f-IFA requires only 15 min for blocking, 10 min incubation for each primary and secondary Abs, followed by 1 min extensive wash after each incubation. Only 25 ml of diluted Ab solution was needed for each coverslip at the primary and secondary Ab incubation steps. In addition, all steps were performed at room temperature. This f-IFA has been applied successfully to follow virion entry ( pp65) and expression of viral genes (IE1, UL44, and pp65) in order to track the details of HCMV infection process. We found that ∼0.5% HCMV-infected T98G cells formed multiple-micronuclei (IE1 and nucleus staining) and had virus shedding ( pp65 staining) by f-IFA, which could not be detected by the traditional IFA. Our results indicated that f-IFA is a sensitive, convenient, fast, and cost-effective method for investigating the details of virus infection progress, especially HCMV infection. The faster and cost-effective feature with higher sensitivity and specificity implies that f-IFA has potential applications in clinical diagnosis.
Introduction
Immunofluorescence assay (IFA) is frequently used in cellular and molecular biology to demonstrate the locations and functions of target proteins (e.g. cellular and noncellular, intracellular and membrane, endogenous and exogenous proteins) [1, 2] . There are two approaches for preparing samples used in IFA. The first method uses cells [2] or microbes [1] that are dropped, dried, and fixed on coverslips/slides; the second method uses adherent cells that are grown directly on coverslips [3, 4] , maintaining the natural cell morphology and showing the position of the target protein more clearly and accurately. Additionally, the IFA methods can be classified into direct immunofluorescent assay (dIFA) and indirect immunofluorescent assay (iIFA) according to the antibodies (Abs) used for detection. In dIFA, the fluorescence dye is conjugated to a primary Ab which specifically binds to the target protein. A fluorescent signal is detected when the dye is activated by the light of appropriate wavelength. In iIFA, a secondary Ab, which specifically binds to the primary Ab, is conjugated with a fluorophore which is similarly activated by excitation radiation.
The staining of IFA includes blocking, Ab incubation, and their intervening washes. The limiting factors of the staining stage are the length of time and the volume/quantity of the Ab. The major shortcomings of current IFAs are that they are time-consuming and expensive; the time for each incubation and wash can extend to several hours, and the volume of Ab solution can be as much as milliliters [4, 5] . Thus, although useful, IFA is not cost effective in clinical diagnosis and it is necessary to improve the efficiency of IFA.
Our goals were to overcome these limitations, by developing a faster, more convenient, and cost-effective IFA method, and apply the improved method to tracking human cytomegalovirus (HCMV) infection, namely following viral gene expression and determining location of viral antigens ( proteins). In turn, it should be possible to track the infection process in HCMV-infected cells and has the potential for pathological diagnosis in clinics. The f-IFA method that we have developed was modified from the standard iIFA method for cells grown and fixed on coverslips [4, 5] , which has been proved to be sensitive and specific for virus infection detection but has the drawback of being time-consuming and expensive. In our method, cells were cultured and mock-or virus-infected as previously described [6] [7] [8] , and the coverslips were harvested at the indicated time points followed by fixation and permeabilization [7] . The significant differences in our f-IFA protocol include the following: (i) During the whole f-IFA process, the coverslips were laid face down onto the incubation solution toward the parafilm membrane, which greatly increased the efficiency of fetal bovine serum (FBS) blocking and Ab reactions, so that the staining time and amount of Abs were dramatically reduced. (ii) We adopted an extensive and quick wash with force and quickly repeated dunking in the washing buffer, which greatly increased the wash efficiency. (iii) All these operations and reactions were carried out at room temperature (RT), except for storing samples and reagents at 48C and temporarily keeping reagents on ice. (iv) No additional equipment is required, such as a 378C incubator and a shaker. Our results demonstrated that the f-IFA protocol is significantly faster and uses less Abs compared with any other IFA methods [2] [3] [4] [5] .
Materials and Methods
Antibodies Anti-UL44 monoclonal antibody (mAb) (IgG1) (1 : 1000) and anti-pp65 mAb (IgG1) (1 : 1500) were purchased from Rumbaugh-Goodwin Institute for Cancer Research, Inc. (Sykesville, USA). Anti-IE1 mAb (IgG2a) (1 : 1000) was a kind gift from Bill Britt, the University of Alabama (Birmingham, USA). Anti-GFAP mAb (IgG2b) (1 : 1000) was from NeoMarkers Inc. (Waltham, USA). The secondary Abs TRITC-conjugated goat-anti-mouse IgG1 and IgG2a Abs (1 : 250) were from Jackson ImmunoResearch Laboratories (West Grove, USA). Alexa 488-conjugated goat-anti-mouse IgG1, IgG2a, and IgG2b Abs (1 : 5000) were from Molecular Probes (Eugene, USA). The nuclear dye Hoechst 33258 (1 : 5000) was purchased from Sigma-Aldrich (St Louis, USA). All Abs and Hoechst 33258 were freshly diluted just before use in basic blocking solution [BBS, 1% BSA and 0.01% Tween-20 in phosphate-buffered saline (PBS)].
Cells and cell culture Cells with different permissiveness for HCMV infection were used. Human embryonic lung fibroblasts (HEL) and neural progenitor cells (NPCs) are primary cells and are fully permissive for HCMV infection; and T98G is a glioblastoma cell line that is semi-permissive for HCMV infection. These cells were cultured on coverslips as described previously [7] [8] [9] [10] . Briefly, the poly-D-lysine uncoated (for HEL) or -coated (for T98G and NPCs) were placed in the dishes, and the cells were then plated onto the dishes. HEL and T98G cells were cultured in minimal essential medium (Gibco/BRL, Gaithersburg, USA) supplemented with 10% FBS, penicillin (100 U/ml) and streptomycin (100 mg/ml), L-glutamine (2 mM). NPCs were cultured in half changed growth medium (GM). GM is Dulbecco's modified Eagle's medium-F12 containing L-glutamine (2 mM Glutamax; Gibco/BRL), the antibiotics penicillin/streptomycin (100 U/ ml and 100 mg/ml), gentamicin (50 mg/ml), amphotericin B (Fungizone; Gibco/BRL; 1.5 mg/ml), 10% BIT9500 (Stem Cell Technologies, Vancouver, Canada), human basic fibroblast growth factor (Invitrogen, Carlsbad, USA; 20 ng/ml), and human epithelial growth factor (Invitrogen; 20 ng/ml). Cells were maintained at 378C in a 100% humidified atmosphere containing 5% CO 2 .
Viruses and virus infection
Virus strains of HCMV, Towne (ATCC VR-977) and AD169 (ATCC VR-538), were used for infection. NPCs and T98G cells were infected with Towne strain at a multiplicity of infection (MOI) of 3 and 10, respectively, and HEL cells were infected with AD169 strain at an MOI of 5. The cells grown on coverslips were mock-or virus-infected and harvested at the indicated time post infection ( pi).
Faster IFA Preparation of coverslip samples. Coverslips were collected from the culture dishes with sharp, flame-sterilized forceps, and placed in 12-well plates filled with PBS. After being washed, the samples were fixed with 1 ml of fixation buffer [3% (vol/vol) formaldehyde in PBS] for 10 min at RT. Subsequently, the fixation buffer was aspirated and coverslips were rinsed twice with PBS. The fixed coverslips can be stored at 48C in PBS. For permeabilization, the PBS in the wells was removed and 1 ml permeabilization buffer (1% Triton X-100 in PBS) was added into each well, statically incubated for 5 min, then the permeabilization buffer was aspirated and the coverslips were extensively rinsed with PBS.
Immunofluorescent staining. Before staining, a piece of parafilm membrane of the desired length was placed on the bench. To prevent the parafilm from moving during the Tracking HCMV infection by a faster IFA staining process, the parafilm was tightly attached onto the bench via a thin film of water formed by a few drops of water. The area for each coverslip was marked with a marker pen/sharpie and three plastic beakers were filled with PBS (100 ml) [ Fig. 1(A) ]. The immunofluorescent staining consisted of blocking, and sequential incubation with primary and secondary Ab solutions; each step was followed by a quick and extensive wash [ Fig. 1(B) ]. (i) Blocking: 30 ml blocking solution (BS, 30% FBS in BBS) was added in each defined area, the washed coverslip was placed (face down) above the pre-laid BS, allowing one edge to touch the BS and then the coverslip was slowly released to avoid the introduction of air bubbles [ Fig. 1(B)] ; the coverslip was then blocked for 15 min. Sufficient PBS was then added at the edge of the coverslip to dilute the BS and float the coverslip [ Fig. 1(C) ]. One coverslip was picked up and washed sequentially in the three beakers of PBS by repeatedly dunking. The excess PBS was drained on a paper tissue. (ii) Incubation with primary Abs: 25 ml of primary Ab solution was placed in the respective area and the washed coverslip was placed onto the solution as in the blocking step. Coverslips were incubated for 10 min, then the reaction was stopped with PBS and the coverslip was washed as in the blocking step. (iii) Incubation with secondary Abs: 25 ml of secondary Abs solution containing nuclear counterstaining dye Hoechst 33258 was placed in the respective area. Washed coverslip was placed onto the solution. The incubation, reaction stop, and wash were identical to the incubation with primary Abs.
Mounting coverslips. The slides were cleaned and marked, and anti-fade mounting solution (1‰ p-phenylenediamine in 90% glycerol) was added onto the slide; then the washed and drained coverslips were loaded (face down) on top of the anti-fade mounting solution, and gently pressed with forceps to squeeze out the extra solution. The excess anti-fade mounting solution was aspirated away by gentle vacuuming. The coverslips were sealed with nail polish and observed under a fluorescence microscope (Nikon, Tokyo, Japan).
Application of f-IFA to track the progression of HCMV infection in different cells
The mock-or virus-infected cells on coverslips were harvested at the indicated time pi, and processed throughout fixation, permeabilization, and immunostaining. f-IFA was applied to track HCMV fully permissive infection progress in HEL, infection in T98G, and cytoskeleton change/cytopathic effects (CPE) in NPCs.
Results

Selection of incubation and washing conditions
There are two options that are currently used for the incubation step with Abs: the coverslips facing up or facing down. We selected the facing down option because it required less volume of Ab solution and potentially provided a more even distribution across the coverslip surface. For the post-incubation washing, there are also multiple ways to carry out. The most common method is to place each coverslip in an individual well in a 12-well plate and flood the well with PBS, rotate for 10 min, repeating 3 times. This method requires longer time and abundant wash buffer. The quick and extensive wash by sequentially dunking the coverslips in three beakers of PBS required only 1 min [ Fig. 1(A,B) ]. The results have shown that equally high-quality images could be achieved by both methods of washing (data not shown).
Optimization of solution volume and incubation time
To optimize the solution volume, volumes from 15 to 50 ml with increments of 5 ml were tested. A volume of 15 ml was not sufficient to cover the whole coverslip; 20 ml was enough for incubation, but it was not easy to add PBS to stop the incubation and float the coverslip; Tracking HCMV infection by a faster IFA increasing the volume to 25 ml overcame these shortages [ Fig. 1(C) ]; 30 ml and higher volumes did not increase the strength of signal or further reduce the background. Finally, 25 ml was selected as the minimum effective volume.
To optimize the incubation time (i.e. the blocking and Ab incubation time), time periods of 5, 10, 15, 20, 25, 30, 40, 50, and 60 min were investigated. For the blocking step, 5 or 10 min was not enough to block the non-specific reactivity; 15 min incubation could enhance the blocking efficiency compared with 10 min, and completely blocked the non-specific reactivity; 20 min and longer time blocking had similar blocking efficiency as 15 min. Thus, 15 min was selected as the minimum effective blocking time. The incubation time periods for primary and secondary Ab were similarly determined. Incubating 5 min for both primary and secondary Ab did not produce sufficient specific signal, 10 min incubation increased the strength of the specific signal; 15 min and longer time incubations produced similar results compared with 10 min incubation. Thus, 10 min incubation was selected as the minimum effective time.
To evaluate the image quality from different IFAs, we observed HEL infected with Towne strain at 48 h pi. We used the same Ab dilutions. All the images were taken under the same conditions after staining without any adjustment. The exposure time was 30 ms for Hoechst, 30 ms for IE1, 40 ms for UL44, and 80 ms for phase images. The representative images obtained by f-IFA (Abs incubating for 5, 10 min) and traditional IFA are presented in Fig. 2 . The mock-infected images are shown in Fig. 2(A) . It was obvious that f-IFA with 10 min Abs incubation had strong enough specific signal and showed distinct staining for IE1 and UL44 foci [ Fig. 2(B) ]; while the specific signal was not strong enough when incubating for only 5 min [ Fig. 2(C) ]; but incubating for 15 min just enhance the specific signal a little than incubating for 10 min (data not shown). The specific signal by traditional IFA was a little stronger than by f-IFA with 10 min Abs incubation, but it took 1 h for incubation [ Fig. 2(D) ], and this kind of weak signal could be easily overcome by exposing for longer time. Based on these results, we determined that the 10 min incubation time for f-IFA was suitable.
Tracking the virus entry by f-IFA The phosphor-protein pp65 is the most abundant protein in the tegument layer of an incoming HCMV virion with its own nuclear location signal. pp65 enters the cell nucleus together with virus genome. For this reason, pp65 is often [4] and [5] . Briefly in a 12-well plate, blocking with 1 ml BS for 10 min followed by rinse twice with PBS, incubating with 1 ml primary Ab solution for 1 h followed by wash with PBS (5 min three times with shaking), then incubating with 1 ml secondary Ab solution for 1 h followed by wash with PBS (5 min three times with shaking). Scale bar ¼ 5 mm.
Tracking HCMV infection by a faster IFA used as an indicator of virus entry at the immediate-early stage [11] [12] [13] [14] . To investigate the natural entry process, HEL cells were not synchronized to G0 by serum starving and infected with AD169 strain at an MOI of 5. Figure 3 shows that in the mock-infected HEL cells, there was no pp65 staining signal. At 8 h pi, the pp65 signal presented as brighter punctuated spots in the cytoplasm, while it was weaker and evenly diffused in the nucleus; at 12 h pi, pp65 signals remained spotty in the cytoplasm, and the nucleus exhibited distinct staining signal.
Tracking virus replication process by f-IFA UL44 is the processivity factor of HCMV polymerase (UL54) and is expressed at the E phase pi. It localizes to the viral replication centers within the infected cell nuclei, and is a very good marker for visualizing the viral replication center. To reach synchronous infection, HEL cells were serum starved, and infected with HCMV (AD169 strain) at an MOI of 5, and stained for UL44 (Fig. 4) . UL44 foci appeared as multiple small foci (by 24 h pi), then developed and fused to form bigger and bi-polar foci (by 48 h pi), finally developing into a single large focus within the nucleus (by 72 h pi), and over 90% of the foci were single large ones (by 96 h pi). As the infection proceeded, there were more granular particles observed in the cytoplasm in the phase images, especially in and around the viral assembly complex (Fig. 4 , phase image at the bottom panel), which is consistent with viral replication center development. UL44 foci formation and development is an indicator of viral replication center formation and development, and it is also an indicator for tracking the viral infection progress. Increasing granular particles in the cytoplasm indicates virus assembly and trafficking from the nucleus to cytoplasm. All these results are consistent with observations on the progress of virus infection described previously [12, [15] [16] [17] .
f-IFA is sensitive for the detection of HCMV infection T98G cells are semi-permissive for HCMV infection, and infection in these cells is persistent/latent. Viral gene expression is very low, and antigen-positive T98G cells continue to divide instead of being arrested at G1/S or G2/M [8] . The total cell numbers and antigen-positive cell numbers were obtained from five fields on each coverslip (middle, left up/down, right up/down) and counted for 300-500 cells. To avoid bias during cell counting, we counted the cell nuclei (Hoechst counterstained) first, then counted the antigen-positive cells. The percentage was calculated by using the following formula:
Number of Ag À positive cells Number of nuclei Â 100
Multiple-micronuclei, a hallmark of cell apoptosis, appeared in 0.5% of the HCMV-infected and IE1-positive T98G cells at passage 3 (P3, day 12 pi). A representative image is shown in Fig. 5(A) . Among the infected T98G cells, 2% had distinct advanced UL44 foci at P3 [ Fig. 5(B) ]. The existence of UL44 foci/replication centers indicates the potential for infectious virus to be manufactured and released. pp65 is synthesized de novo during virus replication and incorporated into infectious virions. The mature virions traffic from the nucleus through the cytoplasm via a viral assembly complex, finally being released at the plasma membrane [11] [12] [13] [14] . Thus, tracking the trafficking of pp65-positive virions can confirm virus Tracking HCMV infection by a faster IFA release. About 0.5% of the cells showed typical virus shedding as visualized pp65 staining via f-IFA [ Fig. 5(C) ]. All the T98G cells were infected by HCMV by using BrdU labeled virus as described previously [8] . Taken together, these results indicate that infection in T98G cells is different from that in fully permissive cells (e.g. HEL), and only a very low proportion of the infected cells had virus replication, which has not been observed in previous studies due to limitations in detection efficiency [18] .
Cytoskeleton collapse in HCMV-infected NPCs captured by f-IFA NPCs are the most susceptible cells in the brain in vivo and fully permissive for CMV infection in vitro [6, 10, [19] [20] [21] . CMV infection causes neural cell loss, which is the direct reason for brain developmental disorders (e.g. microencephaly) [21, 22] . However, it is very difficult to assess the neural cell loss induced by HCMV infection in autopsy brain tissue for pathological diagnosis. Glial filament acid protein (GFAP), a cytoskeleton protein, which is also a marker of NPCs, is down-regulated at both the mRNA and protein levels [10, 23] . Here we used f-IFA to show the changes of GFAP pi (Fig. 6) . At 4 h pi when it is at the very early stage of IE phase, GFAP was presented as blurry spots in the IE1-positive cells, and the filament structure was not as clear as in the IE1-negative cells [ Fig. 6(A) ]. As the infection progressed, the degree of break down of the GFAP filament became worse. GFAP appeared as bigger aggregated spots and the filament structure was totally destroyed until 72 h pi [ Fig. 6(B) ]. As GFAP is a marker and cytoskeleton protein of NPCs and the GFAP change is the CPE induced by HCMV infection, and IE1 is the marker for HCMV replication initiation, GFAP collapse in IE1-positive cells can therefore be used as a criterion for neural damage caused by HCMV infection. The HCMV IE1-negative cells with distinct GFAP filament structure were observed at the moment when a cell was in the process of division and the two daughter cells had not yet completely separated [ Fig. 6(A) ]. These features may benefit the diagnosis of HCMV infection in brain tissue. In addition, the cell was dividing asymmetrically with a larger and smaller nucleus, which indicates that one daughter cell will maintain progenitor/stem cell status and the other one will go into a differentiation program, and the differentiation may be induced by HCMV infection.
Discussion
High-quality images for HCMV infection by f-IFA have been obtained from different HCMV-infected cells Tracking HCMV infection by a faster IFA (Figs. 2-6 ), including fully permissive (HEL, NPCs) and semi-permissive (T98G) cells. Based on the results presented here and published previously [6] [7] [8] 10, 12] , f-IFA is at least comparable to those obtained by IFAs [2] [3] [4] [5] 16, 17, 24] . The principal advantage of f-IFA is the speed of analysis with no accompanying trade-off in accuracy. f-IFA saves hours [6] [7] [8] 10, 12] compared with other IFAs [2] [3] [4] [5] 16, 17, 24] . The time-saving is primarily achieved by reducing the blocking time (15 min in f-IFA compared with hours in other IFAs) [5, 25, 26] and the primary and secondary Ab incubation steps (10 min for each incubation at RT instead of 0.5-3 h at 48C in other IFAs) [4, 5, 25, 26] . Additionally, time-saving is fulfilled by the efficient washing steps which are much faster and efficient than any other protocol [2] [3] [4] [5] 16, 17, 24] .
A second benefit is that f-IFA requires much less Abs and is thus more cost-effective, as the incubation steps only Tracking HCMV infection by a faster IFA require 25 ml diluted Abs solution for each coverslip by placing the coverslips face down onto the solution. The dilution ratios of primary Abs are 1 : 1000 and the secondary Abs can be 1 : 5000, which is highly cost-effective for clinic application. All these time-saving and cost-effective conditions will benefit clinical application and high-quality images can be constantly obtained by f-IFA (Figs. 2-6) .
Convenience is another benefit of f-IFA. The whole process is carried out at RT, obviating the need for a shaker, moisture chamber, 378C incubator, or 48C cold room. Our previous work has shown that high-quality fluorescent image was obtained by f-IFA [6] [7] [8] 10, 12] , and these are comparable with other published results [2] [3] [4] [5] 16, 17, 24] . Because of the time-saving, cost-effective, and convenient advantages, this protocol could replace the other IFA protocols.
Virus entry and initiation of viral replication are the key steps for HCMV infection. The HCMV life cycle includes the following steps: virions enter into cells, tegument proteins (e.g. pp65), and viral genome travel into the nucleus; they set up viral replication centers and replicate in nuclei; finally, offspring virions are assembled in the viral assembly complex and then released at the cytoplasm membrane by budding. The initial event upon infection is virus entry and transportation into the nucleus. pp65 is the structural component of the virion that traffics and enters into the nucleus during virus entry. Thus, the virus entry process can be tracked with pp65 staining by f-IFA (Fig. 3) . Furthermore, the virus sets up viral replication centers in the nucleus and these centers can be followed up and visualized with UL44 staining by f-IFA [ Figs. 4 and 5(B) ]. Formation of viral replication center in the nucleus indicates the potential for production of infectious virus offspring. Virus maturation and egress can also be tracked with pp65 staining by f-IFA [ Fig. 5(C) ]. Thus the infection process and details of virus entry and replication can be clearly and specifically determined by f-IFA.
Early and rapid diagnosis is a key component for effective infectious disease therapy. IFA is a commonly used scientific and diagnostic technology with a confirmed sensitivity and specificity. For HCMV infection, once the double-linear viral genome enters the nucleus, immediate-early gene products, the most commonly used viral specific marker for virus isolation and identification, are presented in the nucleus. IE1 is the first and most abundant among the IE gene products and clearly appears in NPCs nuclei at 4 h pi [ Fig. 6(A) ]. Dr Britt's group and others have used saliva and urine samples from newborn babies to diagnose HCMV congenital infection [27] . The samples were inoculated onto fibroblasts monolayer and cultured for 16 to 24 h, followed by IE1 determination by IFA. This method is used as an early and rapid diagnosis technology as well as the gold standard for diagnosis of virus infection in the clinic [27] . Using f-IFA, the diagnosis can be made faster and earlier since the IE1 signal is distinctly shown at 4 h pi [ Fig. 6(A) ]. Except for the potential application of f-IFA for early and rapid diagnosis of viral infection, it is also a more sensitive and specific method. Low occurrence events, such as multiplemicronuclei [ Fig. 5(A) ] and virus shedding [ Fig. 5(C) ] in HCMV-infected T98G cells, as well as asymmetrical cell dividing [ Fig. 6(A) ] are specifically captured by f-IFA.
In summary, this f-IFA is a faster, cost-effective, convenient technology with higher sensitivity and specificity. We have tracked the details of HCMV infection process (entry and viral replication) by f-IFA, the low incidence events are also captured during the infection. All these results suggest that f-IFA is suitable for early, rapid, and accurate diagnosis of virus infection, especially for HCMV infection.
